Introduction
One of the biggest challenges in the palm oil industry is the disposal of its major waste products such as oil palm empty fruit bunch (OPEFB) and palm oil mill effluent (POME). Annually, an estimated 9.9 million tons of OPEFB and 60 million tons of POME are generated from the palm oil industry in Malaysia [24] . The current practice of burning the OPEFB for power generation has been discouraged due to the production of smoke, carbon dioxide, nitrous oxide and nitrogen dioxide which caused air and environmental pollution problems [30] . Another main concern is the generation of the highly polluting POME during crude palm oil processing. In addition to the ponding system, the closed anaerobic digester tank has been introduced as an effective method for the treatment of POME with shorter retention Abstract A recently developed rapid co-composting of oil palm empty fruit bunch (OPEFB) and palm oil mill effluent (POME) anaerobic sludge is beginning to attract attention from the palm oil industry in managing the disposal of these wastes. However, a deeper understanding of microbial diversity is required for the sustainable practice of the co-compositing process. In this study, an in-depth assessment of bacterial community succession at different stages of the pilot scale co-composting of OPEFB-POME anaerobic sludge was performed using 454-pyrosequencing, which was then correlated with the changes of physicochemical properties including temperature, oxygen level and moisture content. Approximately 58,122 of 16S rRNA gene amplicons with more than 500 operational taxonomy units (OTUs) were obtained. Alpha diversity and principal 1 3 time (20 days) and higher COD removal (95%) [34] . As reported earlier, the remaining solids of anaerobic POME treatment, known as POME anaerobic sludge contains higher nutritional value, including higher concentration of nitrogen and potassium that may improve plant growth as compared to raw POME [7] . Annually, an estimated 11,570 tons of POME anaerobic sludge is produced from 207,000 tons of fresh POME in a typical mill [37] . At present, the POME anaerobic sludge is dried up in the pond and used as organic fertilizers, which caused bad odor, sludge flooding and nutrients leaching especially during the rainy season. Therefore, sustainable and cost effective technologies are needed by the industry for the disposal of POME anaerobic sludge. As reported by Hasanudin et al. [15] , the OPEFB and POME at the palm oil mills can be converted into value added products such as compost and liquid fertilizer, as well as for the production of renewable energy, which will simultaneously reduce the environmental pollution.
Converting agro-industrial waste into compost as an organic fertilizer and soil amendment has become the method of choice for sustainable management of organic waste and environment, including for the treatment of OPEFB, POME and POME anaerobic sludge. Previous studies on co-composting of OPEFB with POME showed that the process can be completed within 60-90 days [3, 36] . As the existing composting process is still considered as time consuming, a rapid composting system is necessary to increase the productivity. Recently, many efforts have been devoted to reduce the composting period by inoculating effective microorganisms into the compost pile [28, 31] , whereby the inoculated microorganisms can be nurtured within the composting materials in order to trigger, accelerate and sustain the composting process. Although the productivity of the composting process can be improved by this method, this technology has not been widely accepted especially in the large-scale operation due to the operating cost in inocula preparation.
Besides having higher nutrients content, the POME anaerobic sludge is also a source of potential microorganisms [7] . Our previous report on co-composting of OPEFB with POME anaerobic sludge showed successful results in reducing the processing time, which was mainly attributed to the presence of indigenous microorganisms and nutrients in POME anaerobic sludge [7, 39] . The monitoring of bacterial community shifts in the co-composting process is highlighted due to its main role in initial decomposition and heat generation, as well as for rapid degradation of organic materials and higher uptake of soluble substrate into cells [23] . Besides that, the higher moisture level (55-65%) during co-composting process is favored by bacteria as compared to fungi which require 40% moisture or less. Furthermore, the average doubling time of bacteria is much shorter than that of fungi which give them a competitive advantage during the composting process which are commonly characterized by rapid changes in substrate availability and other process parameters including temperature, moisture content and aeration [27] . Hence, understanding of bacterial community structure by monitoring their succession is necessary to enhance the efficiency of co-composting process and the quality of the end product, which later can be used as a tool for monitoring the compost progression.
Previously, the succession and composition of microbial communities during composting process have been widely studied using several techniques such as platebased assay [6] , denaturing gradient gel electrophoresis (DGGE) [8] , terminal restriction fragment length polymorphisms (T-RFLP) [35] , amplified rDNA restriction analysis (ARDRA) [11] and clone library [38] . Nonetheless, the ability of these techniques to provide deeper resolution of microbial communities associated with composting are still limited as compared to the potential microbial diversity present in the compost pile. Hence, the next generation sequencing technology such as 454-pyrosequencing has become a prevalent method for an in-depth assessment of bacterial diversity [13] due to its capability of producing millions of reads, which provide deeper levels of microbial community analysis. Therefore, the present study is focused on the analysis of bacterial community succession at different stages of a recently developed rapid co-composting process. To our knowledge, this is among the first study that reported on the bacterial community shift during agro-industrial waste co-composting, especially in the pilot-scale operation by using 454-pyrosequencing, which has the potential to be used as a monitoring tool in assessing the co-composting process and maturity of the end product.
Materials and methods

Composting and samples collection
The co-composting process was carried out by mixing the shredded OPEFB and thickened POME anaerobic sludge at 1:1 (w/w ratio). The details of compost operation and analyses of the physicochemical characteristics of co-composting process were previously described by Baharuddin et al. [7] . Briefly, a pile of mixed materials was composted in a block with the length of 2.1 m, width of 1.5 m and height of 1.5 m. Thickened POME anaerobic sludge was added regularly at 3-day intervals and the amount added was calculated on the basis of the material moisture content on the day prior to turning. The addition of POME anaerobic sludge was stopped a week before harvesting process. The composting process took about 40 days with periodic turning (three times per week) by using a truck loader to provide sufficient aeration and mixing. In this study, the composite sampling was done to obtain a material which represents the average chemical, physical and biological characteristics of the compost material [32] . The compost samples were collected at two different locations (surface and core) with a total of two subsamples at each location, which were then combined into one composite sample. The combined samples were taken at day 0 and then at every 10 days until the end of the co-composting process. The samples were then divided into two parts and stored until further use. One part was stored at 4 °C for the physicochemical analyses, while the other part was stored at −20 °C for bacterial DNA analysis.
Physicochemical characteristic analyses
Temperature and oxygen level were monitored at the top, middle and bottom layers of the interior of the heaps. Moisture content was determined by drying 10 g of sample at 120 °C (AND MX/MF-50 moisture analyzer, USA) until a constant weight was attained. The carbon and nitrogen contents were analyzed using CNHS/O analyzer 2000 (Leco CHNS932, USA) and Inductively Coupled Plasma (ICP-OES, Perkin Elmer, USA). The pH was determined by adding 1 g of compost into 10 mL of distilled water. The sample was then mixed and measured using pH meter. All analyses were done in triplicates.
Preparation of DNA samples
Genomic DNA was extracted from 10 g of each collected sample using PowerMax™ Soil DNA Isolation Kit (MO-BIO Laboratories Inc., USA). The DNA was extracted according to the manufacturer's instruction except for modification as described below. The sample in beads tube was mixed with 500 μL of lysozyme (100 mg/mL) which was then incubated at 37 °C for 30 min for hydrolysis. The DNA purification was performed by phenol:chloroform and ethanol precipitation method whereby 100 µL of extracted DNA was added with 100 µL of phenol:chloroform:isoamyl alcohol (P:C:I) solution with the ratio of 25:24:1 in 1.5 mL centrifuge tube. The mixture was then vortexed and centrifuged at 10,000×g for 5 min. The upper phase solution was recovered and transferred into a new 1.5 mL centrifuge tube, to which 100 μL of C:I solution (ratio of 24:1) was added and centrifuged at 10,000×g for 5 min. The upper phase solution was recovered and transferred to a new 1.5 mL centrifuge tube, then added with 10 μL of 3 M sodium acetate and 80 μL of 2-propanol. The solution was gently mixed and then centrifuged at 10,000×g for 30 min. The supernatant was removed and 1 mL of cold ethanol (70%) was added into the tube. The solution was centrifuged again at 10,000×g for 30 min. The supernatant was decanted and the precipitated DNA was air dried for 10 min. The dried DNA was then dissolved in 100 μL of Tris-EDTA buffer.
Barcoded 16S rRNA gene pyrosequencing approach
The concentration of DNA was quantified using a Nanodrop ® ND-1000 spectrophotometer (Thermo Scientific Inc, DE, USA). The purified DNA (15 ng) was used as a template for polymerase chain reactions (PCR) amplification of 16S rRNA gene using forward primer F357 (5′-CCTACGGGAGGCAGCAG-3′) and reverse primer R926 (5′-CCGTCAATTCCTTTRAGTTT-3′) with the addition of a barcoded sequence ( Table 1 ). The PCR reactions were performed using TaKaRa PCR Thermal Cycler Dice™ Gradient (TaKaRa Bio Inc., Japan) in 50 μL reaction mixture containing 2 µL of DNA template, 25 µL of Premix Taq (TaKaRa), 2.5 μL of each primer with concentration of 20 pmol/μL and 18 µL of sterile deionized water. The PCR conditions were set as follows: denaturation at 94 °C for 40 s, followed by 30 cycles of primer annealing (50 °C, 40 s) and extension (72 °C, 60 s). The PCR products with the length of 607 bp were then purified using a Qiaquick PCR purification kit (Qiagen, USA). The purified PCR products were then mixed together with the same concentration of the target fragments. The sequences of mixed PCR products were analyzed by using 454 GS FLX Titanium XL+platform (Roche) according to the manufacturer's instruction.
Bioinformatics analysis
After sequencing process, raw 454-pyrosequencing data were processed using Quantitative Insights into Microbial Ecology (QIIME) software version 1.3.0 [21] . Sequences were filtered and sorted based on sample specific tags and sequences shorter than 300 bp were omitted for further analysis. The chimeric sequences were then removed from the library using Black Box Chimera Check software (B2C2) [14] . The high-quality sequences (without chimeric artifacts) were clustered in operational taxonomical unit (OTU) at ≥97% similarity cutoff. The sequences of representative OTUs were compared with sequence information published in ribosomal database project II (RDP II) using sequence match program. The QIIME was used to generate the estimated OTU richness (Chao1) in each sample. In addition, the bacterial beta diversity, calculated using the weighted UniFrac distance matrix, was represented in a principal coordinate analysis (PCoA) plot.
Results and discussion
Co-composting process of OPEFB and POME anaerobic sludge
The composting process with and without the inoculation of different types of inocula is shown in Table 2 . A longer time was observed for the composting process to complete without the addition of inoculants which took around 60-90 days. Whereas, the co-composting process can be reduced with the addition of inocula to 33-36 days with final C/N ratio of 10.0-18.3. Interestingly, the results of our study indicated that the co-composting process can be completed in a shorter period of time (40 days) without the inoculation of microbes and the C/N ratio (12.2) measured was comparable to that of the composting with the addition of inocula. It has been suggested that the reduction in co-composting period was achieved due to the continuous addition of POME anaerobic sludge, which supplies indigenous microbes and nutrients throughout the co-composting process [38, 39] .
As shown in Table 3 , the co-composting process can be categorized into three different stages based on the range of temperature which are thermophilic, mesophilic and maturing stages. In accordance with the previous study, the increment and reduction of pH, moisture, oxygen level, C/N Table 2 Comparison of co-composting of OPEFB with POME anaerobic sludge to that of other OPEFB co-composting with and without inoculation of microorganisms OPEFB oil palm empty fruit bunch, POME palm oil mill effluent, C carbon, N nitrogen, P phosphorus, K potassium a nd not determine ratio and temperature during co-composting process were attributed to the presence of the complex bacterial communities [12] . Hence, to further elucidate the relationship of bacterial communities in the co-composting process, more in-depth study was performed by assessing the microbial community structure and their association with the rapid co-composting process by using pyrosequencing.
Pyrosequencing of 16S rRNA gene amplicon libraries
The microbial community composition and diversity at different stages of the co-composting process were properly assessed by providing an in-depth 16S rRNA gene pyrosequencing analysis. From this study, a total of 58,122 high quality sequences were obtained from five samples after eliminating the chimeric sequences which were collected at different co-composting stages ( Table 1 ). The OTUs for the individual library ranged from 518 to 1644, with the lowest OTU at day 0 and the highest OTU was recorded at day 10.
The species richness estimator (Chao1 index) was calculated as a measure of α-diversity, which revealed significant differences between the co-composting stages. Chao1 index gradually increased from initial to the thermophilic stage and reduced during mesophilic and maturing stages. The expansion of bacterial diversity as the co-composting progressed could be due to the rapid utilization of readily decomposable organic materials by microbes present in the POME anaerobic sludge, supported by reduction of total carbon and C/N ratio throughout co-composting process in this study ( Table 3 ). The decomposition and utilization of OPEFB and POME anaerobic sludge caused the progressive reduction of reducing sugars and the increment of complex humic-like [8, 9] during the later mesophilic and maturing stages (days 30 and 40), hence reducing the bacterial populations present in the compost.
In addition, the principal component analysis (PCoA) performed for the co-composting stages revealed three different clusters (Fig. 1) . At day 0 of co-composting, it was clustered on the high end of the axis, for the compost during thermophilic stage (days 10 and 20) , it emerged in the second quadrant, while the compost during mesophilic and maturing stages (days 30 and 40) were in the fourth quadrant. The results indicated that the differences in the distributions of OTUs in the thermophilic stage were very small and similar results were also observed for the mesophilic and maturing stages. Hence, the results obtained clearly showed that the clusters of distribution were influenced mostly by the co-composting stages.
Succession of bacterial diversity during co-composting process
The relative abundances of bacterial communities between initial, thermophilic, mesophilic and maturing stages of the co-composting process are shown in Fig. 2 . The results showed that the co-composting process was mainly affiliated with Firmicutes and Proteobacteria, which showed remarkable shift in abundance as a function of co-composting stages. Both phyla showed almost similar abundance during the initial stage, but shifted to Proteobacteria-rich communities during thermophilic stage. However, as the co-composting process reached the mesophilic and maturing stages, Proteobacteria drastically reduced and Firmicutes emerged as the most dominant bacteria. The results corresponded with the previous study whereby Proteobacteria and Firmicutes were found as major communities during thermophilic and maturing stages [8] . In addition, it is interesting to note that the abundance of Firmicutes was stable after 30 days of the co-composting process. The other phyla belonging to Actinobacteria and Bacteriodetes were also found during co-composting stages. The highest abundance of Actinobacteria was seen during thermophilic stage (day 10), as supported by Xiao et al. [33] whereby high population of Actinobacteria was found during thermophilic stage of co-composting of garden waste and kitchen refuse. The results suggested that the changes of bacterial abundance between each stage of the co-composting process might be influenced by the available nutrients present in the anaerobic sludge for the dominant bacteria to utilize, along with other factors such as temperature, moisture content and oxygen level, which also provided suitable conditions for them to grow. The dynamics of microbial community profile in more refined taxa at ≥97% similarity cutoff are shown in Fig. 3 . The results demonstrated that a sequence closely related to Devosia yakushimensis was highly enriched in the thermophilic stage although it was initially present as a minor population (<1%) in the starting materials. The genus belonging to Devosia was also found by de Gannes et al. [12] as a prominent community during the thermophilic stage of rice straw compost. Meanwhile, Desemzia incerta began to emerge as a dominant bacterium during thermophilic stage and gradually decreased towards the end of the cocomposting process. Following ARDRA-PCR of the 16S rRNA gene from spent mushroom compost, 12 OTUs were assigned as Gram-positive bacteria, including the bacterium that is associated with the genus Desemzia [25] .
The presence of Devosia yakushimensis and Desemzia incerta during thermophilic stage showed the greatest correlation with the co-composting stages as indicated by the changes of temperature. According to Hassen et al. [16] , temperature is one of the key factors that determine the efficacy of composting, whereby it determines the rate of many biological processes and has an influential impact on the succession and evolution of microbial communities. The thermophilic bacteria which function best at high temperature become active during thermophilic stage and dominate the compost pile. At this stage, intensive degradation of fats, protein and simple carbohydrate are carried out by thermophilic microorganisms [7, 10] . Hence, we hypothesize that the natural enrichment of Devosia yakushimensis and Desemzia incerta during thermophilic stage could be related to the availability of organic materials from degradation of OPEFB and POME anaerobic sludge.
Meanwhile, as the co-composting process entered the mesophilic and maturing stages, the temperature of the compost pile started to drop. At this stage, the bacterial population related to Devosia yakushimensis and Desemzia incerta showed five-and twofold reduction, respectively, as compared to the thermophilic stage, in line with the exhaustion of major organic compounds. The complex polymers such as cellulose and hemicellulose were slowly degraded and part of the lignin that was resistant to the microbial degradation is transformed into humus [29] , hence limiting the microorganisms to obtain enough nutrients for growth. In addition, the availability of the remaining utilizable carbon sources in the compost pile was also believed to affect the bacterial population. The carbon content was found to decrease as the co-composting progressed (Table 3) , which was clearly correlated with the reduction of Devosia yakushimensis and Desemzia incerta during mesophilic and maturing stages. A significant reduction of carbon content throughout the composting process has also been recorded previously by Abdel-Rahman et al. [1] . However, a noticeable increase of OTUs closely related to Planococcus refiteonsis, a species belonging to phylum Proteobacteria was observed at the later stage of co-composting. As reported by Romano et al. [26] , an isolated Planococcus species was characterized as microaerophilic bacterium, enabling this bacterium to survive in a limited oxygen environment. This result was supported by low detection of oxygen level during the mesophilic and maturing stages of the co-composting process in this study (Table 3 ). In addition, the moisture content of compost affected the substrate colonization by bacteria [17] , in terms of the accessibility of nutrients and providing the best conditions for microorganisms to grow. Previous study on co-composting of OPEFB-POME indicated that the bacterial population declined towards the curing phase, suggesting that the low water content might affect the enzymes accessibility to the organic materials [8] . In this study, the moisture content was maintained throughout the co-composting process with continuous addition of POME anaerobic sludge. This practice supported the progressive increase in dominant bacterial population as the co-composting progressed. However, a reduction of moisture content was recorded during maturing stage due to discontinuous addition of POME anaerobic sludge a week before harvesting process, hence diminished the bacterial population by more than 50% (Fig. 3) .
Furthermore, the cellulolytic and hemicellulolytic bacteria that are closely related to Bacillus firmus, Geobacillus thermodenitrificans, Thermobifida fusca [39] , Lysinibacillus xylanilyticus [20] , Thermopolyspora flexuosa [4] and Thermobispora bispora [5] were also observed throughout 
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Chloroflexi Proteobacteria the co-composting process in this study, mainly during thermophilic stage. The presence of cellulolytic bacteria which are capable of degrading various lignocellulosic materials is important to accelerate the composting process [22, 39] . Our data provide an in-depth bacterial community analysis of OPEFB-POME anaerobic sludge co-compost which showed a noticeable association of the prevalent bacteria with the co-composing stages. This finding may be useful in monitoring the co-composting process and assessing the maturity of the compost product.
Conclusion
The results from this study suggest that the abundance and distributions of OTUs were mainly influenced by the cocomposting stages. Firmicutes was found as the most abundant phylum in the thermophilic stage, which then shifted to Proteobacteria as the dominant bacteria in the mesophilic and maturing stages. The remarkable shift of bacterial communities was shown by the distinct proportions of dominant species throughout the co-composting stages. The results of this study provide a good evidence on bacterial community succession which was correlated with the changes of physicochemical parameters throughout the co-composting stages. Species related to Devosia yakushimensis, Desemzia incerta and Planococcus rifietoensis showed a good relationship with the changes of physicochemical characteristics of compost, hence could potentially be considered as indicator bacteria in monitoring the progression of co-composting process and compost maturity. In the future study, the application of DNA microarray and qPCR would be useful to detect the key species which have the potential as indicator microorganisms in assessing and monitoring the composting process.
